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ABSTRACT 

Thermodynamics of liquid Fe-C-O alloys forms the 
basis of thermo -Che mi cal mocfelling of steel making operations. 
In the present work a critical review of thermodynamics of 
Fe-C-O system has been made in Chapter 1 . Values of equili- 
brium constant for reaction C + O = CO and interaction 

Co c 

parameters s^nd e^) reported by several investigators 

have been compiled. The best set of experinental data 
reported by various investigators for Fe-C-O liquid system 
in the temperature rarge 1500-17 60°C have been listed* 

• Q Q 

First and second order interaction parameters 3ind 

equilibrium constants have been estimated considering two 
reactions C + O = CO and CO +0 = C0«. Six different 

Mm mmm mM ^ 

corrputer calculation models were employed. A new value of 

c 

at 1600 C based on Banya and Matoba's experimental 

data has been recommended. Also, new and more reliable 

1 

equations of Log K vs have been obtained for both the 
above reactions. 

Recently^ oxygen sensors have been employed in 
industry to directly determine oxygen activity in bath 
and this in conjunction with thermodynamic data on Fe-C-O 
systems have been used to predict deoxidation additions* 

In Chapter 2 principles of oxygen sensor applications in 
studying deoxidation equilibria have been discussed* 
Thermodynamics of both simple and complex deoxidation have 



been explained, h set of experimental data was obtained 
from Rourkela Steel Plant, Rourkela, This conprised of 
(a) bath analysis and tenperature at turndown ( b) ladtfle 
analysis and tenperature after deoxidation and ( c> oxygen 
activities measured with oxygen probes. The data were 
critically analysed in the present work for the first time. 
Attenpt was made to derive a regression equation between 
oxygen activity measured at turndown by CELOX probes and 
bath composition and tenperature. Also a comparison has 
been made between oxygen activity measured with CELOX probes 
after deoxidation in lad<|le and the thermodynamically 
calculated oxygen activity from simple (Al) and complex 
(Si-Mn) deoxidation in order to assess if equilibrium in 
the bath was attained under industrial conditions. 



CHAPTER 1 


ASSESSMENT OF EQUILIBRIUM CONSTANTS AND INTERACTION 
parameters in LIQUID Fe-C-0 ALLOYS 

1.1 Introduction 

The thermodynamics of liquid iron containing 
dissolved carbon (C) and oxygen (O) in equilibrium with 
ao-C 02 qas mixtures at a given tenperature and pressure 
requires consideration of two of the following three 
reaction SI 


c 

4. 

0 

r: 

CO (g ) 

(1.1) 

CO (g) 

+ 

0 

= 

CO 2 Cg) 

(1.2) 

CO 2 (g) 

4. 

C 


2C0 (g) 

( 1*3) 


If experimental data on equilibrium partial pressures of 
gases CO 2 and CO and also C and O contents in metal are 
available the true equilibrium constants (at infinite 
dilution) as-well-as interaction parameters can be deter- 
mined. In doing so, one has to assess the accuracy and 
reproducibility of reported experimental methods and 
analytical techniques employed* 

1 *2 Scope of Present Work 

A review of literature ” shows that although 
there is a general agreement in the values of the true 
equilibrium constants the reported values of interation 



parameters differ widely from each other. Table 1*1 gives 

some equilibrium constant values for reaction (1.1) where 

o c c o 

as Table 1.2 summarises values of e^, e^, e^ and. e^ 

reported in various investigations. It may be noted from 

the c 

this table that disagreenent is^reatest in the case of e^ 

amA , where the values differ not only in the magnitude 

c 

but also in sign. For example, in the recent work reported 

10 1 2 . ^ c 

by Elkhaddah and Robertson and Matsumoto ,the sign of e^ 

and is positive while all others have reported a negative 
value* 

In general, the differences in interaction parameter 
values have been attributed to experimental and analytical 
errors and in each subsequent investigations, respective 
authors credited their own value as being correct. The 
carbon-oxygen reaction plays an important role in steel 
refining and tterefore a critical evaluation of interaction 
parameter values and equilibrium constant is necessary* 

The present work deals specifically with critical evaluation 
of e° and and the equilibrium constants for reactions 

C 'O 

(1.1) to (1*3) on the basis of data reported in the literature 
to-date* 

1*3 Review of Previous Work 

In 1955, Chipman first evaluated the interaction 

'ti* in*© 

parameters e^ and e°/e based on/then available data of 

. '.C C O ' ■ ■ ■ . 

23 

Marshall and Chipman • The scatter in their data was 



TABLE 1*1 : Equilibrium Constants for the Reaction 

C + O = CO(g) 

(taken frcm Reference 22) 


Date 

of 

Publi- 




Authors 


1. Chipman and 
Samar in 

2 . Mccance 


3. Mar shall and 
Chipman 

4 . Basic OH Steel 
Making 


5 .Chipman 1955 

e.Turkdogan 1955 

7 *Fuwa and Chipman I960 

8. Polyakov 1961 

9, Banya and Matoba 1962 

lO .Elliott 1963 


Equation 


1938 Log K = 


1942 Log K = 


temp 

6320 

temp 

1860 

temp 

2065 


195S Log K = ^ 

2975 

1961 Log K = 

I-og K = ^ 


Log K 


1600 


•f 

0,675 

1.956 

' - 

1.333 

2.041 

•f 

1.642 

2.635 


1.643 

2.745 

•wO 0 

22(%C) 

2.626 

' -f 

2.131 

2.695 


2.07 

2.694 

■ 4* 

1.06 

2.649 

4 - 

2.0 

2.619 

■ *4 

2.07 

2.696 



TABLE 1*2 I Values of Interaction Parameters reported by 
various Workers 


c 

e 

eVe° 


e° 


c 

o c 


o 


value Ref* 

c o 

0 0 
o c 

Ref, 

Value 

Ref. 


0*19 

1,2 

-0.485 

-0,65 

11 

-.13 . 

16 

0.21 

3 

-0.36 

-0,485 

4 

-.17 

11,17 

0*22 

4-6 

-0.34 

-0.456 

6 

-.20 

18 

0.225 

7 

-0.421 

-0,313 

8 

-.47 

19 

0.298 

8 

-0.45 

-0.34 

9 

-.52 

20 

0.14 

9 

+0.05 

- 

12 

0*0 

21 

0.12 

lo 

+0*1 

+ .075 

10 

-.20 

9 



-0.28 

- 

13 





—0 *49 

- 

14 





-0*67 

- 

15 
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large. In 1970, Chipman reviewed the thermodynamics of 

the iron— carbon system and amongst the papers reviewed by 

him, he considered the works by Rist and Chipman^/ Richardson 
1 8 

and Dennis and Banya and Matoba as best. However, Rist 

3 1 

and Chipman and Richardson and Dennis studied only 

OO equilibria and did not analyse dissolved oxygen in 

8 c c . o 

iron. Banya and Matoba determined e and e /e . In 1974, 

9 

Sigworth and Elliott tabulated after careful re-evaluation, 
the interaction parameters in dilute liquid alloys. For 
Fe-C-O system they too considered the work by Banya and 
Matoba as best from the point of view of experimental work 
in relatively dilute solutions. 


11 12 

Fischer and Ackerman , Matsumoto and 

10 

El-Khaddah and Robertson extended their study into higher 

carbon ranges. Fischer and Ackerman found that e and 
c 

e^ varied with carbon concentration and their values became 
o 

less negative with increasing carbon content. Unfortunately, 

12 

their experimental data are not available. Both Matsumoto 

10 

and El-Khaddah and Robertson reported positive values -of 
e^ and e®. 


1.4 Theoretical Considerations 

Equilibrium constants for the reactions ( 1*1) 
(1.3) can be written as 


_ ^Co 

1 " h_,h^ 

C O 


to 

(1.4) 



(1*5) 



K 


3 


CO, 


CO o 


CO 



( 1 * 6 ) 


where and represent Henrian activity for 03<ygen 
and carbon with respect to 1 wt percent as standard state* 

In the present work both sirrple and multiple linear regression 
were employed to determine equilibrium constants and inter- 
action paraneters* 


1«4*1 Method of Bvaluation of Interaction Parameters and 
Equilibrium Constant for the Reaction C + O =' C0( q) 

After taking logarithm equation ( 1.4) can be 
written as 

Log = Log[p^J - Log[hJ- Log[h^] 

where 

‘'o = 

fc ®bd are Henrian activity co-efficients. Substituting 

in 

in equations (1*8) and (1.9) equation (1.7)/ 

Log = Log[p^J - Log[wt %C . f^]- Log[wt % 0 .f ^ ] ( 1.10) 
or 

Log = Log[p^ J-. Log[wt% C^- Log[wt% O ]- Log[f^ 1} 

- Log[f^] (1.11) 


(1.7) 

( 1 . 8 ) 
( 1.9 ) 



If 1 wt percent standard state based on Henry’s law is 
adopted then the partial excess Gibbs free energy of 
mixing G® = RT In f^ Can be expanded by Taylor’s series 


RT Log f^ = 


+ 


RT Log f° + E RT 
j=2 


n 

2 

j=2 



2 

S' Log f^ 
3[ wt% j]^ 


8 Log f^ 
[ 3wt% jj 


[wt% j] 


[wt% J j 



• « # # 


( 1 . 12 ) 


Higher terms are neglected due to their very small 
contribution « 

Using notations of interaction coefficients equation 

(1.12) is sirrplified to 

n . ■ n 

Log f . = .S e^ [wt% j > 2 

j«2 j=2 


r^[wt% j f ( It 13} 


The activity coefficient f? is assigned the value 

of 1 at infinite dilution and hence the first term of 

i i 

equation (1»12) has been dropped, e^ and r^ are respectively 
the first and second order interaction parameters given 
by the following equations! 


J 8 Log fj. 

. ®1 " r[wt% j ] 

2 ' 

3 Log f^ 

i: ss 

[ wt% 


( It 14) 

( It 15) 


If second order interaction parameter terms are neglected. 
Log f . and Log f cap be written as 

. ;.;Q; . /, . . 



8 



e^[ wt% C ] + e^ [wt% 0 ] 

( 1.16) 

LogCf^] = 

e°[wt% 0 ] + e^ [wt% C ] 

(1.17) 


Equation (1,11) can be written finally as 

Log. = Log[P^- Log [wt% C > e^[wt% C^- e®[wt% o] 

-e°[wt% 0 y eQ[wt% C]-Log[wt% o] (1.18) 

If the second order interaction parameters are incorporated, 
equation (1.18) becomes 

Log = Log [ P^^]- IiOg[wt% C }- e^[wt% c]- e° [wt% o] 
-e°[wt% O ] - ®Q [wt% C]- Log[wt% O'] 

-r^ [ wt% C]^ - r^ [wt% cf (1.19) 


A relation exists between e^ and e° and is given by^ 


M ^ 1 M 

e° =. ^ ^ (1.20) 

G Mo 230 M 

O O 

where M signifies the atomic weight. For carbon and o5<ygen 


= 12 and = 16 hence 
c o 


0,75 and 


M -M 
o c 


e„ can therefore be written in terras of e as 
c o 


e^ = ,75 e'^ + 1/920 

C ' ■ . ' o 

Substituting the value of e® from equation (1,21) into 


( 1 * 21 ) 



9 


equation (1,18) 

Log = Log[p^^]- Log[wt% C]- [ wt% C]- e°[wt% o] 

- .,75 e^[wt% O > ^ [wt% O]- e^[wt% c] 

- Log['wt. % O ] (1.22) 

If second order interaction parameter is taken into consider- 
ation then equation (1.22) becomes 

Log = Log[p^^ ]- Log[wt% c] - e^ [wt% cj- e° [wt% 0 ] 

- .75 e^[wt% O] - [wt% o]- e^[wt% c] 

- Log[wt% O] - r^ [wt% C f - r° [wt% cf (1. 23) 

Since e3<perimental data for partial pressures of CO 
and CO 2 / wt percent carbon and wt percent oxygen may be 
known from literature * ' equation ( 1 .22) can be 

written as 

Log + e^ [wt% C ]+ .75[wt% o] = Log [p^q ]- Log [wt% C] 

-e^ [wt% C]- e°[wt% oHwt% O ]/9 20-Log [wt% o] 

(1.24) 

Similarly equation (1.23) can be written as 

Log + e^[wt% c] + ,75[wt% 0 ] + r^[wt% c] = Log 3 

-Log[wt% c] - e^[wt% C] - e°[wt% O 3-[wt% 0^/920 
— Log[wt% o] - r^[wt% 



10 


The right hand terms of the equations (1*24) and 
Cl.25) are known say and respectively and can be 
equated to the left hand terms / i.e, 

= Log[p^]- Log[wt% c] - e^ [wt% C] - e°[wt% o] 
-[wt% 0]/920 - Log[wt% o] (1*26) 

= Log[p^Q]- IiOg[wt% c] - e^ wt% C> e°[wt% 0 '] 

— [■wt% 0]/9 20 - Log[wt% O] - r^ [wt% C (1.27) 

The equations (1,24) and (1.25) can be represented 
symbolically as 

Yj^ = (1*28) 

and 

^2 ~ ^1^1 ^2^2 **" ^3^3 (1*29) 

where 

= e^ =[wt% C]+ .75[wt% O J 

a 2 = Log and = 1 

= r^ X 3 = [wt% C]^ ( 1 . 30 ) 

h computer program based on the principle of . 

c 

multiple linear regression was written to determine e^# 
c , 

and Log K. Principle of multiple linear regression 
is discussed in Appendix II* 

Now, the values of and Log are back 

substituted in equations (1*24) and (1.25)/ to express these 



ii 


equations in the form 


’ (1.31) 

A correlation coefficient and standard error of 
estimate for equations (1.24) and (1.25) are calculated 
on the basis of linear regression using the formul© 


and 


N 


Correlation coefficient, R = 



N 

S 

i=l 


X.Yi 


N 

- 2 

i=l 


N 

S 

i=l 


X, 


N ^ N N ' “ *N „ 

2 xf -( 2 x.)7n 2 Y^ -( 2 y. )^ 

i=l ^ i±:l ^ J i=l ^ i=l ^ 


(1.32) 


and standard error of estimate 


s 



B 


s, ^i^i 


i=l 


( 1.33) 


X^ and Yj^ are two variables. 
A and B are constants. 

N = Number of data. 


Principle of sinple linear regression is discussed in 
Appendi3< I, The first and second order interaction 
parameters and equilibrium constants can be determined 
using different models 



i. 4U 


Model 1 

In solving equation (1.22) 

c c 

(a) Only first order interaction parameters (e^ and e^) 
are employed. 

o c 

( b) The value of e^ and e^ have been taken from 

9 

standard literature . 

( c) Log K and have been determined by computer 
program using multiple linear regression. 

Model 2 

In solving equation ( 1.23) 

(a) Both, first and second order interaction 

G C C G 

parameters (e , r and r ) have been used, 
o c o c 

O G G 

( b) The value of e / e_ and r have been taken from 

o c c 

9 

(^andard literature . 

c c 

(c) Log K, e^ and r^ have been determined by computer 
program using multiple linear regression. 

Model 3 

In solving equation (1*18) 

{ a) Only first order interaction parameters have been 

used. 

(b) e° and e° have been taken as zero and e^ from 

literature^ . 

c 

(c) Log K and e have been determined. 

^ Q 
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Model 4 

In solving equation (1.19) 

( a) Both# first and second order interaction parameters 

have been used, 

(b) Value of ®o ~ ^ ®c' ^c been taken 

9 

from literature . 

c c 

(c) Log K, e and r have been determined, 

^ o o 

Mode 1 5 

In solving equation (1.18) 

(a) Only first order interaction parameters have 
been used, 

(b) Values of e°/ e° and ef have been taken from 

CO c 

literature^. 

, ^ c 

(c) Log K and e^ have been determined. 

Model 6 

In solving equation (1.19) 

(a) Both# first and second order interaction 
parameters have been used, 

(b) Values of e°# e'^# e° and r^ have been taken 

c c 

Log K# e_ and r have been determined* 

^ O O ' 


(c) 
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1 *4 . 2 Method of Evaluation of Interaction Parameters an d 
Equilibrium Constant for' the' Reaction '(kj' + 2 = ^^2 

Similar to equations (1.22) and (1.23), the 

equilibrium constant for the reaction ( 1 . 2 ) can be e 3 <pressed 

as p 

- 

Log = Log -] - Log[wt% o] - e°[wt% C]- e*''[wt% 

^CO ° 

(1.34) 


■'GO. 


Log K- = I>og [-- ] - Log[wt% 0 ]- [wt% O] 

^CO ° 

- e^ [v?t% C ]- r^[wt% C]^ (1.35) 


while using equations (1.34) and (1.35), the same procedure 
as given in section 1.4.1 is adopted to calculate interaction 
parameters, equilibrium constants, correlation coefficients 
and standard error of estimates. 


1.4.3 Method of Estimation of Interaction Paraireters and 

Equilibrium Constant for the Reaction CO 2 + £ - 2C0 

Similar to equations (1,22) and (1.23), the 
equilibrium constant for the reaction ( 1 . 3 ) can be expressed 
as 

Log = Log[p^Q/p^^]- Log[wt% C ]- e°[wt% C] 

- [wt% O] • (1.36) 

Log K 3 " ^ [Pcc' ^ C]- ej wt% G ] 

-e°{wt% O]- r^[wt% C]^ - r^ ^t% cf 


( -i H 
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Again the interaction parameter S/ equilibrium 
constant ^correlation coefficients are calculated using 
the same procedure as given in section (1.4.1)# 


1.5 



As discussed before in the present work only the 

12 

experimental data employed by Noboru Matsumoto ^ 

10 8 

El-Khaddah/ M.N. and Robertson and Banya and Matoba 

were used. Tables 1.3 and 1.4 give the details of carbon 

concentrations and corresponding oxygen concentrations in 

liquid iron in equilibrium with carbon -monoxide at 16,8,4 

and 1 atmospheres at 1500'*C (12). Table 1,5 shows the carbon 

and oxygen activities in the molten iron at CO-1.1 pet CO^ 

mixture and at temperatures 1550 and 1650®C (10). Tables 1.6, 

1.7, 1.8 and 1,9 show the experinental results of Banya and 
8 

Matoba in which the equilibrium of CO-CO 2 gas mixtures with 
carbon and oxygen dissolved in liquid iron at temperatures 
1460, 1560, 1660 and 1760®C are shown. 


1 .6 Re su It s and Pi sc us si on 

The equations based on models 1-6 which were 

G ■ C 

employed to estimate interaction parameters (e^ and r^) 
and equilibrium constants for re actions ( 1 . 1 ) and (1.2) 
have already been discussed in sections 1.4,1 and 1.4.2. 
The salient features . cf tbe moctels are briefly summarised 
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1 2 

TABLE 1,3 : Ej<perimental Data of Noboru Matsumoto 

at 1500°C at (16/8 atmospheres) 


Data Set 1 Data Set 2 



^co = 

atrro sphere 

P 

CO 

= 8 atmosphere 

Si .No . 

% c 

03<ygen 

(ppm) 

% c 

Oxygen 

(ppm) 

1. 

0.7 

231 

0.8 

146 

2. 

1.0 

193 

1.3 

117 

3. 

1.1 

140 

1.3 

68 

4. 

1.2 

95 

1.4 

66 

5. 

1.4 

77 

1.6 

81 

6. 

1.6 

75 

1.8 

47 

7. 

1.8 

79 

2,2 

15 

8. 

1.9 

62 

2.2 

29 

9. 

2.0 

61 

2.4 

22 

10. 

2.3 

38 

2.5 

26 ^ 

11. 

2.6 

38 



12. 

2.9 

35 



13 ® 

3.1 

24 
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1 O 

TABLE 1.4 ; Bj<perirTBntal Data of Noboru Matsurnoto 

at ISOO^C at (4,1 atmospheres) 


Data Set 

3 


Date 

Set 4 

Pco = 

4 atmosphere 

^CO 

= 1 atmosphere 

si. No. 

% C 

Oi<ygen 
( ppm) 

% c 

Oxygen 

(ppm) 

1. 

0,34 

168 

1.1 

11 

2. 

1.1 

73 

1.2 

14 

3. 

1.4 

38 

1.4 

9 

4. 

1.5 

27 

2.2 

15 

5. 

1.6 

26 

2.5 

4 

6 • 

1.8 

20 

2.7 

7 

7. 

CO 

♦ 

2G 

3.5 

6 


7 


18 


10 

Table 1.5 s Experimental Data of El-Khaddah and Robertson 



for 

Gas Mixture 

pet. 

^ 'Cl 

^2 


si .No. 

Data 

Pre ssure 

Temp °C 

Carbon 

Oxygen 


set 

( atm) 


( wt%) 

( ppm) 

1. 

5 

69.71 

1550 

4.10 

43 

2. 


G9.71 

1550 

4.00 

62 

3. 


39.30 

1550 

3.15 

54 

4. 


39.10 

1550 

3.14 

58 

5. 


30.00 

1550 

2.20 

77 

6. 


20.20 

1550 

2.20 

98 

1. 

6 

70.64 

1650 

3.53 

74 

2. 


70,42 

1650 

3.52 

94 

3. 


■ 39.07 

1650 

2.63 

loo 

4. 


38.99 

1650 

2.63 

85 

5 • 


40.00 

1650 

2.66 

91 

6. 


20,20 

1650 

1.72 

140 

7. 


20.20 

1650 

1.72 

130 
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8 

TABLE 1«6 : Bj<perimental Data of Banya and Matoba 

at 1460°C 

Data Set 7 


SI. No, 

^co^^co 2 

^CO^^GO 

% C 

% 0 

1. 

846 

l.lSxlO"^ 

1.39 

0.00273 

2. 

846 

1.18j(10“^ 

1.41 

0.00 242 

3. 

846 

1.183510“^ 

1.36 

0.0026 2 

4. 

1100 

9,ll3<10“^ 

1.69 

0.00210 

5. 

1100 

9. 11x10“^ 

1.80 

0,00203 

6. 

2260 

4.40x10"'^ 

2.34 

0.00178 

7. 

2260 

4.403{10"^ 

2*35 

0.00173 

8. 

3120 

3.23x10”'^ 

2.56 

0.00158 

9. 

3120 

3.233<10“'^ 

2.58 

0.00152 

10, 

3120 

3,23x10"'^ 

2.58 

0.00177 
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8 

TABLE 1.7 s E3<perinental Data of Banya and Matoba 
at iseCc 

Data Sat 8 


Sl.No. 

2 

P /p 

Fco 2 

^CO 2^^^° 

% C 

% O 

1. 

46 

2.153<10“^ 

0.107 

0.0226 

2. 

46 

2.153<10”^ 

0,098 

0*0238 

3. 

104 

9.543<10"^ 

0.215 

0.0117 

4. 

104 

9. 54x10"^ 

0.215 

0 .0101 

5. 

104 

9. 54x10"^ 

0.235 

0.0113 

6. 

104 

9.543<10“^ 

0.227 

0.0119 

7. 

104 

9.54x10’’^ 

0.214 

0.0114 

8. 

117 

8,50x10”^ 

0.233 

0.0113 

9. 

117 

8.50x10’"^ 

0.229 

0.0113 

lo. 

209 

4.77x10“^ 

0.369 

0.00652 

11, 

232 

4.29xl0”^ 

0.416 

0.00697 

12. 

232 

4 ,29xlO“^ 

0.411 

0.00633 

13. 

232 

4.29xlO~^ 

0.433 

0 .00606 

14. 

236 

4.22x10“^ 

0.394 

0.00636 

15. 

304 

3.18x10*^ 

0.579 

. 0,00544 

16. 

378 

2.64x10“^ 

0.612 

0 .00666 

17. 

378 

2.64xlO~^ 

0,614 

0,00632 

18, 

378 

2.64x10“^ 

0.698 

0,00593 

19. 

468 

2.13x10"^ 

0.678 

0,00515 

20. 

604 

1.65x10"^ 

0J792 

0,00737 

21. 

604 

i.esxio’"^ 

0.824 

0.00447 

22. 

604 

1.65x10"^ 

0,826 

0,00536 

0 ^. 

Am 

-3 

1 .AAvin 

n fli o 

O-nn-^Tft 
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TABLE 1.8 : EJ<peri mental Data of Banya and Matoba® 

ay 1660°C 

Data Set 9 


SI. 

No. 

/P 

Co CO 2 

P /P 

CO^'^ Co 

% C 

% 0 

1. 

71 

1,40x10"^ 

0.091 

0.0277 

2. 

71 

1,40x10"^ 

0.086 

0,0282 

3. 

71 

1,40x10^^ 

0.090 

0.0278 

4 . 

91 

1.09x10"^ 

0.133 

0.0217 

5 • 

91 

l,09xl0'~^ 

0.121 

0.0205 

6. 

91 

l,09xl0~^ 

0.120 

0.0206 

7. 

16 2 

6.14x10”^ 

0.185 

0.0129 

8. 

168 

5.94x10“^ 

0.210 

0.0120 

9. 

240 

4.15x10”^ 

0.252 

0.0110 

10. 

468 

2.13x10”^ 

0.495 

0.00656 

11. 

468 

2.13x10“^ 

0.499 

0.00673 

12. 

846 

1.18x10”^ 

0,677 

0.00435 

13. 

1100 

9.11x10'"'^ 

0.881 

0.00397 

14. 

1100 

9.11x10”^ . 

0,842 

0 .0037 2 

15. 

2260 

4 .40x10”'^ 

1.37 

0.00355 

16. 

2260 

4.40xlO~'^ 

1,37 

0.00268 

17. 

3120 

3.23x10*^ 

1.59 

0.00241 

18. 

3120 

3.23x10“'^ 

1.56 

0.00262 
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TABLE 1.9 : Experimental Data of Banya and Matoba 

at 1760 °C 

Data Set 10 


Si. 

No. 

yP 

^C0'^^C02 

o 

o 

O 

o 

% c 

% 0 

1. 

91 

1.09xl0~^ 

0.097 

0.0320 

2. 

117 

8.50x10“^ 

0.105 

0.0290 

3. 

117 

8.50x10”^ 

0.105 

0.0290 

4. 

117 

8.50x10*"^ 

0.108 

0.0286 

5. 

232 

4 , 29x10"^ 

0.185 

0.0156 

6. 

240 

4.15x10”^ 

0.160 

0.0171 

7. 

240 

4.15x10"^ 

0.171 

0.0183 

8. 

468 

2.13x10“^ 

0.386 

0.0083 

9. 

468 

2.13xl0~^ 

0.332 

0 .00859 

10. 

846 

1.18x10”^ 

0.427 

0.00579 

11. 

1100 

9.11x10*^ 

0.611 

0.00507 

12. 

1100 

9.11x10'^ 

0.603 

0.00516 

13. 

2260 

4.40x10”'^ 

0.87 2 

0.00401 

14. 

2260 

4.40x10“^ 

1.11 

0.00362 

15. 

3120 

3.23x10’"'^ 

1.27 

0.00324 

16 . 

3120 

3.23X10”^ 

1.26 

0.00338 
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in Table 1.10, The results of regression analysis based on 

these models for the experimental data (Tables 1.6 to 1.9) 

8 10 

of Banya and Matoba , El-Khoddah and Robertson (Table 1,5) 

1 2 

and of Noboru Matsumoto (Tables 1.3 to 1.4) are presented 
in Tables 1.11 to 1.15, 

25 , . . , 

It may be noted that Murty also used a similar 
nethod for thermodynamic analysis of Fe-Al-0^ Fe-Cr-O/ 

Fe-V-O and Fe~Zr-0 systems. In particular/ the Models 3 to 
6 in the present work were constructed on the same basis as 

suggested by Murty, The^i^sw back of Models 3-6 is that 

c o 

while determining e^ either the e^ value is taken from 
literature or it is omitted during regression analysis. 
Mathematically speaking this is not justifiable because 
there exists a relationship between e^ ard e^ as given 
by equation (1.20), Therefore it is neither necessary 
to assume a value of e° nor neglect it arri e° should not 
appear as a parameter in the regression equations. This 
aspect was correctly accounted for in the improved Models 1 
and 2 developed in the present work. Although all the 

Models 1-6 have been tested for significance of regression 

c c 

coefficients and the best fit estimates of e^, r^ and 
equilibrium constants/ the final evaluation should be based 
on only Models 1 and 2. 

Results of the analysis of experinental data of 
10 

Noboru Matsumoto as presented in Table 1.11 for the reaction 
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C 4 - O = CO at single tenperature 1500°C show that both 
for Model 1 (without the effect of second order inter- 
action coefficient r^) and for Model 2 (with r^ incor- 

o o 

porated) the standard deviations in predicted values of 

c c 

e^ and r^ (the values in parenthesis) are very high. 

Incojrporation of r^ in Model 2 does not inrprove the estimates 

compared to Model 1, The equilibrium constant (Log K) 

values are nearly constant (approximately 2.9) but since 

the multiple correlation coefficient values in the last 

column are very low (less than 0.8) even the Log K values 

are not acceptable. Results of Models 3-6 also show a 

c 

large variation. Therefore the positive e^ ( .05) value 
reported by Noboru Matsumoto may not be considered as correct 

due to large scatter in their data. 

10 

El-Khaddah and Robertson did large number of 
experiments and analysis of their results at 1550 and 1650*C are 
presented in Table 1.12 for the reaction C -f- o = Co and 
in Table 1,13 for the reaction CO + O = CO^ for specific 
sets of experimental data given in Table 1.5, There were 
very few experimental data points at IISO’^C and they could 

not be considered due to large scatter. It is evident 

c ■ ■ 

from the Table 1,12 that standard deviation in e^ values 

O' . . . 

C ' ' ' 

in Model 1 is large. The inclusion of r^ in Model 2 does 

' ^ ' "'C ' 

not improve the respective standard deviations in e^ and^^^^ ^ 

pQ* ^vlso the multiple correlation coefficients given in the ; 

, , ^ 'V ' : ^ ■: 
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last column are generally low. The same is true about 

C , G 

®o ^o determined for the reaction CO + O = CO^ 

in Table 1.13. Multiple correlation coefficients given 

in the last column in this table are high but since standard 

c c 

deviations in e^ and r^ are large one is forced to neglect 

c 

the positive value (0,1) of e^ reported by Bl-Khaddah and 
Robertson^^. 

8 

Banya and Matoba did exhaustive experiments (at 
1460^ 1560^ 1660 and 1760'’C) and Table 1,14 gives the 
results of Model 1 for both the reactions 0 + 0 = CO and 
CO + O = CO^. It may be observed that e^ vali:es determined 
from C + O = CO have a lower standard deviations than 
determined from CO + o = The multiple correlation 

coefficients are high for both the reactions with the 
incorporation of second order interaction coefficient 
(Model 2) the results given in Table 1.15 show that standard 

G 

deviation in e^ increases for both the reactions inspite of 
the fact that there is little effect on multiple correlation 
coefficient (compared to Model 1 in Table 1.14). Model 1 
values in Table 1.14 may therefore be taken as more represen ~ 
tative for dilute carbon alloys (where effect of is 
negligible) * 

One may note the discrepancy in Log K values (in 
Model 1 , Table 1.14) for reaction G + o = CO at 1460®C which 
is lower than the value at 1560®C. Interaction parameter^ 
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value at 1460 is also high. Obviously »it is advisable to 

neglect the values of e^ and equilibrium constants at 

1460°C for both the reactions £ + £ = CO and CO + O = C02» 

Further^ e^ value at 15G0°C (in Table 1.14) is quite low 

(-.52) whereas at 1660 and 1760°C it attains a near constant 

value ( -.3) . This suggests that e^ is temperature independent 

only at higher temperatures. Since^as discussed earlier, 

c 

standard deviation in e values is smaller for C + O » C© 

o — — 

than for Co + O = CO^ (Model 1 Table 1.14) one may adopt the 

e^ value determined from C + 0 = Oo (i.e. approximately 

9 

-0,3) at 160O°C and above. Sigworth and Elliott estimated 
c 

the value from the analysis of Banya-Matoba * s data 
as -.45. It is not known whidi of the two reactions 
+ or CO + 0= CO 2 ) was considered for final 

evaluation. It is better to consider £ + O = CO reaction 
than 00 + O = CO 2 because the latter involves experimental 
measurement of small concentrations of CO 2 in doing so 
large error may creep in. At high temperatures equilibrium 
gases contain predominaiitly CO (more than 90%) in Fe-C-0 
equilibria and small analysis errors in CO will not much 
affect the percent error. 

The standard deviations in equilibrium constant 
values at 1560, 1660 and 1760°C in Table 1.14 for reaction 
C + O - CO and CO + O = CO 2 are very small and using these 
values $ne may evaluate by regression analysis 
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Log + 1.367 ( 1.38) 

for C + 0 = CO and 

Log - 5.623 ( 1.39) 

for CO + O = CO 2 . 

1 

The values of Log and Log against — are plotted in 

Figures 1.1 and 1.2 and show close agreement with those 

8 ^3 

of Bany a and Matoba and Marshall and Chipman • 

For the purpose of thermodynamic calculations however 
equation 1.38 and equation 1.39 should be taken as better 
estimates of equilibrium constants because of the rigorous 
nature of Model 1 employed in present work for analysis of 
experimental data. 

1 *7 Conclusions 

( 1) The regression analysis of experimental data 

based on Models 1 and 2 for Fe-C-0 system reported by 

10 12 
Matsumoto and Bl-4<haddah and Robertson have shown large 

8 

scatter , Banya and Matoba 's data have been analysed for 
evaluation of interaction parameters and equilibrium 
constants. 

( 2) Incorporation of second order parameters 

C C ' ' 

r^ and r^ do not decrease the error in estimates. 

( 3) Equation ( 1 .1) , i.e. C + 0 = CO is considered 



1600°C and above 



in the range 1560-1760°C, This is in close agreenent with 

8 23 

results of Banya and Matoba and Marshall and Chipman out . 
should be used in preference to their equations in the 
temperature range 1560-1760®C, 




TABLE 1,10 : Parameters used and Estimated in Different Models 
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TABIjE 1,11 : Equilibrium Constants and Interaction Parameters 

obtained from the Experimental Data of Matsumoto^*^ 
at 1500°C 


Model 

employed 

CO 
( atm) 

c 

e 

o 

c 

r 

o 

Log K 

SEE 

MCC 

Data 

set 

1. 

16 

-.018 
{ .026) 

- 

2.908 
( .057) 

.0668 

.20 

1 


8 

.1245 
(, .082) 

_ 

2.540 
( .151) 

.138 

.471 

2 


4 

-.003 
( .0816) 

- 

2.725 
( .118) 

.101 

.017 

3 


1 

-.21 

( .0819) 

- 

2.92 
( .183) 

.179 

.753 

4 

2. 

16 

.0054 
( .156) 

-.0059 
( .0398) 

2,89 
( .138) 

.07 

.20 

1 


8 

-.22 
( .621) 

.099 
( .178) 

2.81 
( .507) 

.135 

.585 

2 


4 

-.57 5 
( .357) 

.263 
( .1616) 

2.96 
( .175) 

.07 8 

.63 

3 


1 

-.331 
( .57 5) 

*027 
( .128) 

3.04 
( .575) 

.178 

.756 

4 

3- 

16 

-.016 

- 

2.904 

- 




8 

.126 

- 

2.53 

- 

- 



4 

-.001 

- 

2.72 

- 

mm 



1 

-.209 


2.927 


mm 



CONTINUED 
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TABLE 1.11 (Continued) : 


Model 

employed 

p 

^co 

( atm) 

e 

o 

r^ 

o 

Log K 

SEE 

MCC 

Data 

set 

4. 

16 

,015 

-.008 

2-88 





8 

-.195 

.093 

2.78 

- 

- 



4 

-.559 

,259 

2.94 

- 




1 

-.327 

.0269 

3.04 




5. 

16 

-.0198 


2.9 2 

- 




8 

.122 

- 

2.54 

- 

- 



4 

-.0066 

- 

2.73 

- 




1 

-.21 

- 

2.93 

- 



6 # 

16 

.0004 

-.005 

2.89 

- 

- 



8 

-.205 

.095 

2.78 

- 




4 

-.57 

.26 

2.95 

- 

- 



1 

-.329 

.027 

3.04 

— 

— , 



SSE = Standard error of estimate (given in parentheses) 
MCC = Multiple correlation coefficient. 
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TABLE 1.12 ; Equilibrium Constants and Interaction Paranreters 
obtained from the E3<perimental Data of El-Khaddah 
and Robertson^%or Reaction C + O = CO 


Model 

employed 

Temp 
( °C) 

e^ 

o 

r^ 

o 

Log K 

SEE 

MCC 

Data 

set 

1. 

1550 

.085 
( .058) 


2.62 
( .189) 

.108 

.585 

5 


1650 

.104 
( .0268) 

- 

2.54 
( .073) 

.048 

.865 

6 

2. 

1550 

.191 
( .794) 

-.0169 
( .126) 

2.46 

(la) 

ao8 

.588 

5 


1660 

.39 

( .277) 

-.06 

( .043) 

2.19 
( .256) 

.042 

.899 

6 

SEE = 

Standard 

error of 

e stimate 

1 . (given 

in parent hese) 



= Multiple correlation coefficient. 


MCC 
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TABLE 1.13 : Equilibrium Constants and Interaction Pararreters 

obtained from the Experimental Data of Bl-Khaddah 
and Robertsorftor Reaction CO + 0 = CO 2 


Model 

employed 

Temp 

(°c) 

e^ 

0 

r^ 

0 

Log K 

SEE 

MCC 

Data 

set 

1, 

1550 

.125 


-.147 

.078 

.829 

5 



( .0419) 

( ,135) 





1650 

.116 


26 

,054 

• 86 

6 



( .029) 


( .089) 




2. 

1550 

.58 

-.07 3 

-.815 

.069 

.869 

5 



( .498) 

( .079) 

( .743) 





1650 

.50 

-.073 

-.73 

.04 5 

.9 2 

6 



( .226) 

( .043) 

( .283) 





SEE = Standard error estimate (given in parent he se ) . 


MCC = Multiple correlation coefficient. 
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TABLE 1.14 ; Equilibrium Constants and Interaction Parameters 

obtained from the E5<peri mental Data of Banya and 
Matoba®using Model 1 


Type of 
reaction 

Temp 
( °c) 

e^ 

0 

Log K 

SEE 

MCC 

Data 

set 

1 .C4O=C0 

1460 

-.20 

C .0145) 

2.53 
( .0301) 

.0229 

.979 

7 


1560 

-.527 
( .0523) 

2.69 
( .0266) 

.059 

.910 

8 


1660 

-.295 
( .0174) 

2.62 
( .0139) 

.039 

.973 ^ 

9 


1760 

-.27 3 
( .0223) 

2.56 
( .0143) 

.036 

.956 

10 

2 .CO+OCO 2 

1460 

-.313 
( .0305 ) 

0.1247 
( .063) 

.048 

.96 

7 


1560 

-.659 
( .0543) 

0,068 
( .02) 

.063 

.935 

8 


1660 

-.42 

( .0159) 

-.254 
( .0127) 

.036 

.988 

9 


1760 

-.42 

( .029 2) 

-.49 
( .0186) 

.048 

.967 

10 


SEE = Standard error of estimate (given in parenthese) • 


= Multiple correlation coefficient. 


MCC 
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TABLE 1,15 I Equilibrium Constants anc3 Interaction Parameters 

obtained from the Experimental Data of Banya and 
Matoba® using Mocfel 2 


Type of 
re action 

Temp 

(°C) 

e^ 

o 

r^ 

o 

Log K 

SEE 

MCC 

Data 

set 

1 .c+o=co 

1460 

-.065 
( .233) 

-.417 
( .0587) 

2,408 

C .218) 

.0225 

.9 8 

7 


1560 

-.346 
( .288) 

-.187 
( .293) 

2.665 
( .0596) 

.0588 

.912 

8 


1660 

-.390 
( .074) 

.059 
( .0465) 

2.630 

C .0203) 

.0383 

.975 

9 


1760 

-.037 
( .082) 

-.176 
( .059 ) 

2.52 
( .0193) 

.029 

.974 

10 

2.C040=C02 

1460 

.770 
( .286) 

-.27 

( .072) 

-.879 
( .269) 

.0294 

,98 



1560 

-.358 
( .283) 

-.315 
( .291) 

.015 
( .056) 

.06 2 

.94 



1660 

-.53 
( ,065) 

.069 
( .0465) 

-.233 
( .017) 

.034 

.99 



1760 

-.52 

( .130) 

.077 
( .096) 

-.47 

{ .0294) 

.048 

.97 



SEE = Standard error of e stimate (. given in parent he se ) , 
MCC = Multiple correlation coefficient. 


Log K 






Log K 
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CHAPTER 2 


EFFICACY OF USE OF OXYGEN PROBES FOR DEOXIDATION 
STUDIES IN OXYGEN STEEL MAKING 

2.1 Introduction 

It is important to determine and control by proper 
deo3<idation practice the amount of dissolved o3<ygen in 
liquid steel before casting because it decides the 
cleaniness of the steel as well as solidif cation structure 
(rimmed, killed or semi-kil led) of the products made. 

Until recently, no method was available which could provide 
the steel maker with a true estimate of dissolved oxygen 
in the molten steel. Conventional methods (eg, vacuum 
fusion, inert gas fusion, LBCO analysis etc) essentially 
analysed total oxygen in steel, i.e. dissolved oxygen plus 
oxygen tied up with the oxide inclusions. Quantity of 
deoxidisers required to meet the final specification was 
therefore mainly based on indirect assessment of the 
dissolved oxygen content of the bath through various 
means, viz. carbon content of metal, FeO content of the 
slag and temperature. Since these parameters vary largely 
from heat to heat, the <te oxidation practices were only 
approximate and not based on. scientific judgenents. 

The development of commercial oxygen probes systems 
to measure rapidly ( in about 25 seconds) and directly ”ln-situ 
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the dissolved otygen activity in liquid steel aroused great 
interest through out the steel industry in the hope that 
the oxygen sensor measurenents might provide a basis to 
formulate scientific procedures to achieve better deoxi- 
dation control. In view of this, industrial trials have 
been conducted at Rourkee Steel Plant, Rourkela by 
Research and Development Centre for Iron and Steel, Ranchi 
in the oxygen steel making shop and these have yielded 
information on suitability of oxygen probes for use in 
plants. 

2*2 Scope of Present Work 

In present work, the efficacy of use of comirercial 
oxygen probes to determine oxygen activity in liquid steel 
has been evaluated based on the results obtained in 
industrial trials at Rourkela steel Plant, Rourkela, The 
oxygen activity in the metal bath can also be thermodyna- 
mically calculated from equilibrium constants and interaction 
parameters. Various deoxidation procedures have been 
explained and computer programs have been written to 
evaluate oxygen activity in bath theoretically and then 
compare it with the measured value obtained through oxygen 
sensors. This would help to assess whether equilibrium 
was attained in the bath and therefore the measured value 
could in any way be used for deoxidation control under 



42 


plant conditions* 

2.3 Qyyqen in Molten Steel 

The o3<ygen content of the liquid steel depends 
upon temperature and the other alloying elements present 
such as carbon, silicon ^manganese , phosphorus etc. A 
refined steel may contain O.Ol-O.io wt percent oxygen 
depending upon its composition. The state in which oxygen 
is present in liquid iron is still not certain. Itie 
exi stance of FeO molecules or oxides like Fe 20 , ^^ 3 ^ 

Fe O in liquid seems inprobable. The dissolution reaction 
of oxygen in liquid iron can be written as 

I (g) = 0 ( 2 . 1 ) 

where O denotes dissolved oxygen in metal. 

The Henrian activity of oxygen 'h^' (with 

reference to 1 wt percent solution as standard state) at 

1 

T®K in liquid iron is given as 

Log h^ = - + 2.73 (2.2) 

where 

h = (% O) . f^ ( 2.3) 

o o 

2 

Tte activity coefficient f^ in Fe-0 system is given as 

Log f^ — -0. 2* (% O) (2.4) 

The content of dissolved oxygen can be obtained with the help 
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of oj^ygen activity coefficient and oJ<ygen activity deter 

mined by o3<ygen sensors using equation ( 2 , 3 )^ alloy 

steels, the effect of various alloying elements on activity 

3 

coefficients, f^ is written as 


Log ®o * ^ 

!X 

where e^ (X =C, Si, Mn,...») is 
parameter. 


y. 


e . wt o/^ 


( 2.5) 


the first order interaction 


2.4 Oxygen Sensor Principle and Application 

The measurement of oxygen activity oxygen 

sensor is based on the use of solid electrolytQg (solid- 
solution of oxides of Zr 02 + 1^ CaO) which is capable 
of conducting electricity by the transport of anions. 

i;hcn- two different oxygen partial pressures ere applied 
across such an electrolyte the system cionstitn^Qg oxygen 
concentration cell expressed by equation 

T .II 

Pt, pO 2 /Solid electrolyte / PO 2 , Pt (2.6) 

and the emf developed is governed by Ner^st equQtj_Qjj4 

= i inpof/po"^ (2.7) 

where E = emf across a solid electrolyite (voltgy 

R - gas Goristant (J/raole/®K) 

F = Faraday constant (J/V/gm equivalent) 
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T = absolute temperature (^K) 

I 

PO 2 = o3<ygen partial pressure at the reference electrode 

II 

PO 2 = oxygen partial pressure in liquid steel 

n = number of electrons (charges) involved in the 
cell reaction* 

A gas with known PO 2 can seirve as reference 
electrode e.g. air is blown into a Pt-solid electrolyte 
interface. Alternatively# a mixture of a metal and its 
oxide powder for exanple Cr-~Ct2^2 Mo-Mo may be used. 

After about two minutes of the end of blow the 
oxygen probes are immersed into the steel bath below slag 
surface (to a depth greater than 300 mm). The emf rises to a 
peak value in 4.5 seconds after immersion of probe, stays 
constant for about 10 seconds and then gradually decreases. 
The emf (in millivolts) and temperature (°C) are recorded 
simultaneously. Some typical probe designs^ are shown in 
Figure 2.1. 

2.5 Practice of Deoxidation of Steel 

Deoxidation can be carried out in furnace, lad#le 
or in iTKDld itself by adding suitable deoxidisers. Choice 
of deoxidation method depends upon the type of steel* 

Rimmed steel is usually tapped without addition of deoxl^ 
disers to the steel in the furnace and only a small addition 
is made to steel in the ladUle. During solidification, there 






(a) Oxytip Sensor 


(b) Celox Sensor 




(d) FEA Sensor 


ig.2.1 Schematic Diagram of Commercial Oxygen Sensors. 
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is a brisk evolution of carbon monoxide, resulting in an 
outer ingot skin of relatively clean metal low in carbon 
and other solutes. Such ingots are suited for the manu- 
facture of steel sheets. 

Semi -killed steel is deoxidised to a lower extent 
than killed steel and there is enough oxygen present in 
the molten steel to react with carbon forming sufficient 
carbon monoxide to counter-balance the solidification 
shrinkage. This steel finds application in structural 
shapes - 

Killed steel is deoxidised to such an extent that 
there is essentially no gas evolution during solidification. 
Aluminium is generally used for deoxidation together with 
ferro-alloys of manganese and silicon. In certain cases, 

calcium silicide or other special strong oxidisers are 

Killed 

employed.^ steel is generally used when a homogeneous 
structure is required in the finished steel. 

2.6 Thermodynamics of Deoxidation of Steel 

Deoxidation can be done by addition of a single 
element like Mn, Si, Al etc. (Fe-M-0 type equilibria) or by 
simultaneous addition of two or more elements. Hi the 
former case, the deoxidation products, if solid, has almost unit 
activity while in the latter case, deoxidation product 
has lower activity value. 
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Thecprodynarnl cs of Simple Deoxidation 

The deoxidation by a single element M can be 
represented in the following manner 

aM(l) + I 03^^^ 

change in free energy for reaction ( 2.17) can be given 
as 

AG° = - RT In K C 2.9) 

or, 

O 

= - ( 2 . 10 ) 


The equilibrium constant 'K* is defined as 


K 




{ 2ai) 


or, 


or, 


Log K = Log [a ^ ]- Log[hj,j]® [hj ^ 

b 


= - Log K + Log[a^ ^ ] 




say Log [h J ^ [h^]^ = r 


Log K 4 - Log [a ] 


a b 


( 2 . 12 ) 

( 2.13) 

( 2.14) 
(2.15) 


represents the activity of with respect 

to pure solid as standard state and h's are activities with 
respect to 1 wt percent as standard state* 
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Now h^ = f [ wt % M ] 


( 2.16) 

^o = 0] 


( 2,17) 

or 



bog[hj^] = Log[f^] + 

Log[wt% M ] 

( 2.18) 

Log [ho] = Lc^Ef^] + 

Log [;^t% O ] 

( 2.19) 

Again , 



M 

+ ^ ] 

( 2.20) 

E^o^ "" ®oEwt% 0 ] + 

ejwt% M ] 

(2.21) 


where fj^^j is interaction coefficient ard e^ interaction 
parameter • 

Ihere are some other elements like carbon# sulphur, 

pho*sphorus in the bath, which affect the activity coefficients 

c c s s 

£© interms of e^^ , e^, e^^ , e^,«,.,,,, so the above 
equations (2,20) and (2,21) are more precisely written 
as 

K/f ** "J * 

Log[fj^] «= ej^[wt% M] + e°[wt% O ]+ e^[wt% i] (2.22) 

O ^ X 

Log[f^] = [ wt% O] + e^[wt% M ] + e^[wt% i] (2,23) 

where i = C,S,P, 

Considering only the effect of carbon, equations (2,22) and 
( 2,23) can be written as 

Log[fj^] == e^ [ wt% M] 4 - e°[wt% 0]+ e^[wt% C] (2,24) 

Trv, r-F 1 = F?°rwt% O 1 + e^*rwt% M ] 4- e^[wt% C] ( 2.25) 
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Now substituting the value of Log [f ] and Log |f^] 
from equations (2,24) and (2.25) into equations (2,16) to 
(2.19), we get 

b Log [wt% C "] 4 - (b e° + a e^)[wt% o]= r-a Log [wt% M ] 

-(a e^ 4- b e^) [wt% M,] - (a e^ + b e^)[wt% C] (2,26) 

or , 

p Log >{+q 3 <=r+S Log y + ty + u carbon ( 2.27) 

where ^ 

P = b 

q = (b e° + a e°) 

r = -Log K + Log[a^ q ] 

‘a b 

3 ^ , "“Si 

t = - (ae«+be”> 

u =-(ae^ + be=) 

and 3< = [wt^ o ] 

y = [wt% M ] 

Carbon = [wt% C] . (2*28) 

The value of ^ for simple deoxidation is often taken as 

a b 

one. The equilibrium constant K is given as a function of 
temperature in the following form 

Log K = c/tenp + d (2,29) 

The values of c and d for various elements are known from 
literature^. 
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The above principle is applicable only for aluminium and 
silicon deoxidation and not for manganese deoxidation. In 
case of manganese, a solid solution (FeO-MnO) type of 
product is formed and so mole fractions of FeO and MnO 
have to be considered. 


2. 6. 1.1 Deoxidation with Manganese 

Manganese is the weakest deoxidiser of all and 

so during deoxidation it is followed by addition of 

other deoxidisers. it is used in form of ferro-manganese • 

3 

The deoxidation reaction is written as 

Mn + FeO ( s,l) = MnO ( s,l) + Fe (1) (2 


where 

Log 


- 6.70 

temp 


( 2.31) 


under normal conditions, the composition of reaction product 


changes continuously with the temperature and the manganese 
content of the metal. Figure 2.2 gives the manganese — 
oxygen equilibria at 1600° C. 

2.6. 1.2 Deoxidation with Silicon 

Deoxidation reaction with silicon can be represented 
3 

as , 

_ • ci'n C 2.32 

Sr :+ 0 = S1O2 ■ ' / 


where 
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Log 


31040 

temp 


- 12,0 


( 2.33) 


When the deoxidiser (e.g, Fe-Si) is plunged into 
the melt, the ojcygen level drops almost instantaneously 
followed by attainment of a steady value within airiest 3-4 
minutes after the addition. Figure 2,3 shows the silicon- 
03 <ygen equilibria"^ in steel at 1600°C. At 1600°C, 0,004 wt 
percent silicon in the iretal is in equilibrium with 0,088 wt 
percent 05 <ygen. Hence if the metal contains less than 
0.088 wt percent of ojiygen, the addition of silicon in 
e3<cess of 0.004 wt percent produces a solid solution product 
within the metal. For higher o?<ygen contents in the metal, 
the concentration of silica in the deoxidation product is 
less than the saturation limit and the activity of the 
silica is less than unity in the reaction product. In 
practice, a steel which is fully deoxidised or killed 
contains greater than 0,1 wt percent of residual silicon 
and so for pure iron-oxygen-silicon melts, the silicon 
and oxy^n in the nelt are in equilibrium with silica at 
a|:^roxlmately unit activity , 

2, 6. 1,3 Deoxidation with Aluminium 

Aluminium is widely used as a deoxidiser and is 
generally regarded as one of the strongest deoxidisers. The 
deoxidation of steel by aluminium can be written as 

= hXO^ 


2 /U. + 3 0 


( 2.34) 
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where , 

Log 


6 27 80 
temp 


20,54 


( 2.35) 


Deoxidation constant for equation ( 2,34) can be 
written as 


K = 2 ,3 

Al . . _ 2 rv, 1 3 

or / 

^ [‘'aJ = - Log + Log[a^j^^oJ 


( 2.36) 


( 2.37) 


Based on thermodynamics of deoxidation of steel/ equation 
(2.26) can be rewritten for aluminium as 

3 Log [wt% 0 ] + ( 3 e° + 2 e°^) [wt% .0 ] = r - 2 Log [wt% Al] 

- ( 2 + 3 e^^)[wt% Al] - ( 2 ej^^ + 3 e^) [wt% C ] ( 2.38) 

Equation (2,38) can be represented similar to equation 
( 2 . 27 ) , i .e . / 


p Log x4-qy = r+ S Log y + ty + u carbon 

where 


p = 3 

g =(3e°+2e°^) 
r = - Log + Log PAI2O3] 


S = -2 . 

/ ^ Al 3 o ^Al v 
t = -< 2 + 3 ) 

u = -( 2 + 3 
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X = [wt% O] 

y = [wt% Al] (2.39) 

The values of interaction parameters have been taken from 
11 

the literature • 

The product of deoxidation with aluminium is either 
solid alumina or the spinel FeO^ Al 2 ’^ 2 * spinel is 

formed only when the aluminium in iron is not in stoichiometric 
excess of the amount of dissolved oxygen.. Generally the 
deoxidation product is alumina at unit activity. In producing 
certain extra-deep drawing steels, a low carbon (<0.1% C) 
steel is killed, usually with a substantial amount of 
aluminiim that is added in the laddlle, in the mould or 

9 

bath* Figure 2.4 gives the aluminium-oxygen equilibria 
in steel at 1600“c. 

Although the deoxidation of steel by aluminium 
suppresses the formation of carbon monoxide during solidifi- 
cation ar^a hence suppresses blow holes, there aire many 
steel making operations where aluminium killing of steel 
is undesirable. For example, it is widely recognised that 
certain alloy steels to be cast as large ingots should not 
be subjected to aluminium killing because of the piping 

and deleterious effects of alumina inclusions on the 

of 

subsequent processing^ngots for certain applications 
(e.g. generater, rotar shaft)* 




Manganese, wt Vo 

O ' 

I 2.2 Comparison of Manganese -Oxygen Equilibria at 1600 G . 




Oxygen, wt 
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Fig. 23 Comparison of Silicon -Oxygen Equilibria 
in Steel at 1600 C . 





■' * ' “■ C3 cf Complex Deoxidation 

;r. ccrparison to simple deoxidation , the effectiveness 
i. s i.’t tht* complex deoxidisers has been recognised. 

’..■ri j“> idation is nothing but simultaneous addition of 

»wi.i i.,>r r'or'.r !-k'*oxidi sets viz* silicon -manganese, silicon- 
cjlciur, 15: 1 i con -Tianganese -aluminium and si licon -calcium- 
alum, c.j ur.. 

r, ilicon and manganese are the most widely used 

d. -siX idi»i;rs added to the steel bath in the furnace and/or 

in the lad|le as f erro-a Hoys . The extent of deoxidation is 

nwro in case of silicon -manganese deoxidation than with 

silicon dut> to formation of deoxidation product of 

. . . 3 . 

lower activity value. The deoxidation equilibria is 
writtifn as 

M + 2 MnO = 2 m + Si 02 

whoci. reaction product is a liquid or solid-manqanese 

silicate. • 


Figure 2.5 shoes the activities of residual oxygen 
and silicon after deoxidation at 1500»C at various activities 
of residual mar^arvaset Experimental studies have shown 
that with 0.1 wt percent of silicon in the metal, the 
deoxidising power of silicon is Improved by almost 30 percent 
when 0.2S wt percent of manganese is added and is almost 
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f^.■'ubled by addition of 0,50 percent of manganese 


For equation (2.40), the equilibrium constant is 
written as 


^Si-q^n 


^^ 5102 ^ 

(a,, 

MnO 


r h ^ 

*- Mn^ 


( 2.41) 


and 


Log K, 


Si-Mn 


8900 

temp 


2.948 


( 2.42) 


It is possible to develop an algorithm for finding 
the equilibrium airounts of silicon/ manganese and oxygen 
in the bath at a given temperature. 


The equation (2.41) can be written as 

£‘'31] 


‘®S10.’ 


(a ) 
MnO 


1 = 


K 


‘si-Mn 


tvi' 


( 2.43) 


For different values of [ ^ 3 ^^] from the 

knowledge of K ^ from equation (2.42), one can obtain 

ox **Mri 

the right hand term of equation ( 2.43) . Here assigning 
certain values to [h^J and [h^^^] is equivalent to assuming 
certain silicon and manganese in the bath. The attempt here 
is to find corresponding oxygen content at a given temperature. 

The activity of silica (a^^^ ) and mar^anese- 

'2 

oxide and mole fraction of manganese -oxide have 

been taken from llterature^^ as shown in Appendix V. The 



r..l.,t.ons between vs (=>310 lA^o’ ’ ‘^Sio > 

9 z ^ z 


^^:>iO and (N_„) vs ( a„. 


^ MnO '‘'MnO' 

z 

by least square techniques* Now, with the help of equation 


®MnO 


) are obtained 


( 2.43), for a particular value of (a_.. )/(a,. the 

biu2 Hnu 

corresfXJndinq values of (a„.^ ), .) and (N, are 

01O2 MnO MnO 

calculated. Mole fraction of silica (N„.„ ) can be 

Si0 2 

obtained by the relation: 


(n ) =1.0 — (n ) 

Si02 ^ MnO 


( 2.44) 


We know that 


Mn + O 


MnO 


( 2.4 5) 


Log = 11070/TeiTp - 4,526 


( 2*4 6) 


With the help of equation (2,46), h^ can be obtained 
because all other pararreters are known. With known 
values of [h^, h^J and[hg^] the values of [wt% O y 
[wt% Mn ] and [wt% Si] can be obtained by the following three 
simultaneous equations: . 

LogCh^i] = Log[wt% Si] + [wt% Si] + [wt% Mn ] 

+ [ wt% 0 ] + [wt% C ] ( 2.47 ) 

Log[hj^n3 = LogEwtyo Mn] + [wt% Mn] + [wt% Si] 

4n ° ^ ®Sn 



of Oxygen, ho 
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ch'.jnical method. In case of any reblows for chemistry 
an4'^or temperature adjustments all tests were repeated. 

Table 2.1 shows the ctetails of bath analysis at 
turn down for nineteen experimental heats. Column II 
shows the recorded temperature for different heat numbers. 

It is seen that there is a large variation in bath temper- 
ature ranging from 1550 to 1735°C. Column III and column IV 
show the carbon and manganese analysis for different grades 
of steel respectively. Carbon varies from 0.04 to 0,06 
percent# where as manganese from 0,10 to 0,26 percent. 

Table 2.2 shows the lad#le analysis after deoxidatipn 
for different grades of steel for eighteen experimental heats. 
Column II gives the recorded temperature ranging from 1550 
to 1665°C, Mangane^ varies from 0,28 to 1 J5 percent as 
shown in Column III. As can be seen from the Columns IV 
and V# variation in the silicon and aluminium concentration 
is large ranging from 0.02 to 2.0 percent and 0,002 to 
0,05 percent respectively. 

2.8 Results and Discussion 

2.8,1 Activity Measurements at Turndown 

Based on nineteen experimental heats at turndown^^^^^^^^^^^^^ ^^ 
attempt has been made to develop a general regression 
equation expressing initial bath oxygen content as a function 
of bath carbon, manganese and turndcwn temperature .^ T^ 



63 


g*moraX relationship of carbon/ manganese and turndown 
tonperature with oJ<ygen activity can be represented as 
follows: 

a (ppm) = X,Tenp°C + y/% C + Mn -- W (2.50) 

o 

where a = o3<ygen activity in liquid steel bath (ppm),% C 
and % Mn denote carbon and manganese contents. X/Y,z and 
W are constants. 

Now equation (2.50) can be written in the following 

form 

Y = Oa+Oa+ 0-.a„ + a. ( 2.51) 

I _ 2 3 3 4 4 

Where Y is a dtependent variable and a^^, a^/ a^/ a^ are 
independent variables, in the present case a^ = -If 
©, / and O. are known as regression coefficientSf 

1 Z O' ' 4 

Based on the principle of multiple linear regression 
a computer program was written as shown in Appendix 11/ which 
determines the regression coefficients using data from 
Table 2.1* The coefficientsobtained are as followss 

0, = 0,3885 

1 

©2 = 10.29 

©_ = 26.98 

3 

©^ = -134.09 

Substituting these values in equation (2.50 ) 
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10 

+■ + 0.3885 Temp®C + 134.09 

{ 2.52) 

This regression equation is valid for steel bath at turndown 
before deoxidation where carbon ranges from 0,04 to 0,07 
percent and manganese is < 0.38 percent. 

Using the above regression equation, oxygen activities 

have been back calculated for different experimental values 

of temperature, percent carbon and percent manganese as shown 

in Column VI (values range from 492 to 749 ppm). The oxygen 

activities measured with the oxygen probes also vary largely 

from 4 29 to 948 ppm (Column V), One may now Compare 

predicted oxygen values (i.e, from regression equation. 

Column VI) and the actual values measured with the help of 

oxygen probes (Column V) . The same is shown graphically 

in Figure 2*6. A program was developed to calculate standard 

deviation and correlation coefficient based on the principle 

of lirear regression as given in the Appendix I. This gives 

a standard deviation of + 76 ppm and a correlation coefficient 

0,291. The low value of correlation coefficient indicates 

that there is a poor agreement between the oxygen activity 

values measured with the help of oxygen probes and the 

oxygen activities obtained with the help of regression 

equation. A similar type of regression equation was developed 

,12 . 

for twenty of experinental heats by Banerjee as shown 


below: 
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ppm) 


2,3548 
% C 


X7 1 0 

+ + 1,1521 TerTp“C-1487,82 


( 2.53 ) 


The standard deviation reported for equation ( 2.53) 

J- 130 ppm which is larger than for equation (2.52), In 

any case both the regression equations (2.52) and (2.53) 

are associated with a large standard deviation and poor 

correlation coefficient (less than 0.3) and therefore are 

not acceptable. It demonstrates that under industrial 

conditions oxygen activity in the bath is very poorly related 

to carbon# manganese and temperature of bath# i.e, the bath 

Is far from equilibrium at turndown and no equations can be 

used to predict oxygen activity based on bath composition and 

12 

temperature. Further# equation (2,53) reported by Banerjee 
nas a negative coefficient for carbon. This is not correct 
as from thermodynamics the expected relationship of carbon 
and oxygen is of the form a^(ppm) a 


2.8,2 Activity Measurements after Deoxidation 

Oxygen activities in the ladflle after deoxidation 
ranged from 7 to 87 ppm in the eighteen experimental 
heats as ^^toown in Column VI of Table 2.2, Attempt was 
made to find out the thermodynamic equilibrium oxygen 
concentration for simple aluminium cfeoxidation and for 
complex silicon -manganese (^oxidation and then compare 
these with the oxygen activity values measured with 



o>ygen probes. As discussed earlier in section 2, 6 . 1.3 
•And 2»b»2, the sirrple aluminium and complex silicon- 
manganese deoxidation reactions are represented as 
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2 A1 + 30 = AI 2 O 3 

^i 4 - 2 MnO = Si 02 + 2 Mn 

Principles for finding the equilibrium oxygen concentration 
based on the above reactions have been discussed in 
sections 2, 6 . 1.3 and 2 . 6.2 and the computer programs are 
given in Appendix III and Appendix IV. The oxygen concen- 
tratiooscalculated considering sinple aluminium deoxidation 
and complex silicon -manganese deoxidation are given in 
the Columns VII and VIII respectively. It can be seen that 
there are large differences between oxygen probe values 
and thermodynamically calculated oxygen values in the case 
o€ silicon-manganese deoxidation ranging from 85 to 576 ppm* 
The same is shown graphically in Figure 2.7. In case of 
aluminium deoxidation also, agreement is poor. This is 
evident from the Figure 2,0, where again oxygen probe values 
have been plotted against theoretically calculated values* 

If calculations are made for complex deoxidiser like 
si licon-mangar«se -aluminium# the theoretically calculated 
oxygen values will be still lower than simple aluminium or 
siliconHtanganese deoxidation* 



67 


TABLE 

2.1 i 

Details of Oxygen Activities and 
at Turndown ( Data obtained from 
Rourfcela Steel Plant, Rourkela) 

Bath 

trials 

Analysis 

at 

Si. 

TempC 

“O 

% C 

% Mn 

Probe oxygen Predicted oxygen 

( ppm) ( ppm) 

1. 

1599 


0.04 

0,10 

672 


7 23.26 

2. 

1610 


0.04 

0.10 

485 


7 23.69 

3. 

1625 


0.04 

0.10 

475 


724.37 


1650 


0,06 

0.22 

664 


49 2i33 

5 » 

1640 


0 .04 

0.10 

705 


7 24.85 

6. 

1620 


0.04 

0,10 

793 


724 ,07 

1* 

1660 


0.04 

0.10 

948 


725,63 

8. 

1660 


0.05 

0.11 

825 


749.65 

9. 

1735 


0.04 

0.14 

779 


651,46 

10. 

1650 


0.04 

0.14 

503 


648.16 

11. 

1640 


0.04 

0.12 

809 


679,89 

12. 

1685 


0,04 

0.12 

707 


681 ,64 

13, 

16 26 


0.04 

0.12 

7 24 


538,32 

14 . 

1650 


0.06 

0,16 

469 


509,48 

15. 

1694 


0,05 

0.26 

429 


648.55 

16. 

1660 


0.04 

0.14 

583 


6 24,94 

17. 

1550 


0,05 

0 .12 

575 


648,48 

18. 

1630 


0.05 

0 .11 

651 


596.86 

19. 

1654 


0,05 

0,14 

556 


619.34 
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TABL2 2.2 : Details of Oxygen Activities and Lad#le Analysis 

after Deoxidation ( Data obtained from trials 
at Rourkela Steel Plant, Rourkela) 


SI. 
I'lo , 

Temp 

1 “O 

% Mn 

% Si 

% A1 

Probe 

oxygen 

(ppm) 

Theoretical 
oxygen (Al) 

Theoreti- 
cal oxygen 
( Si + Mn) 

1. 

1565 

0,40 

1.54 

0.020 

76 

4 

115 

2. 

1580 

0.40 

1.50 

0.002 

25 

23 

130 

3 « 

1550 

0.38 

1.50 

0.002 

11 

15 

101 

^ m 

1620 

0.40 

0.02 

0.03 

8 

8 

407 

5. 

1590 

0.45 

1.76 

0.05 

17 

4 

141 

6. 

1640 

0.62 

1.58 

0.004 

17 

34 

19 2 

7. 

1665 

0.40 

0.02 

0,044 

87 

12 

576 

8. 

1560 

0.28 

1.65 

0.002 

17 

17 

127 

9. 

1575 

0.38 

2.0 

0.005 

7 

12 

137 

lo. 

1560 

0.80 

1.02 

0.008 

21 

7 

85 

11. 

1570 

0.62 

1.03 

0,036 

27 

4 

101 

12. 

1590 

1.15 

0.24 

0,012 

28 

8 

121 

13. 

1565 

0.54 

1.02 

0 .004 

11 

12 

lOO 

14. 

1610 

0,36 

0.02 

0.012 

36 

11 

373 

15. 

1600 

0.71 

0.175 

0.028 

11 

6 

163 

16. 

1620 

0.7 2 

0.181 

0.020 

34 

10 

193 

17. 

1650 

0.72 

0.165 

0.008 

78 

25 

253 

18. 

1600 

0.34 

0.02 

0.05 

30 

5 

347 


Predicted Oxygen (ppm) 



Probe Oxygen (ppm) 

Fig. 2.6 Plot of Oxygen Activity Measured by CELOX 
Probes at Turndown and Predicted Oxygen 
from Regression Equation — 
a© (ppm) =10.29/ ®/o C ♦26.98/ ®/o Mn ♦ 0.3886 Tem- 
perature (®C) ♦ 134.09. 
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Fig. 27 Relation Between Oxygen Activity Measured by 
CELOX Probes and Oxygen Activity Determined 
from Thermodynamics of Deoxidation Reactton 
(Si* 2MnO = Si02 * 2Mn ) 


Probe Oxygen (ppm) 
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Theoretical Oxygen (ppm) 


Fig. 2-8 Relation Between Oxygen Activity Measured 
by CELOX probes and Oxygen Activity Det- 
ermined from Thermodynamics of Deoxida- 
tion Reaction (2 Al *3 0 = AI 2 O 3 ) 
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From the abDve discussion ^ it is evident that 

equilibrium is not attained in the ladile and measured 

oj«ygen activity is very poorly related to bath composition* 

The use of oxygen probes to monitor deoxidation practices 

under the conditions existing in the oxygen steel making 

shops appears difficult to put into practice. Oxygen 

only 

probes may be used^as an approximate guide in making deoxi- 
dation additions. However, if more tine is allowed for 
the equilibrium to be attained or if metal is stirred 
in any one of the laddie metallurgical operations then 
measured oxygen values will be closer to equilibrium or 
thermodynamically calculated values (based on bath composition) 
under these conditions oxygen probes readings may be 
used to control the amount of oxygen dissolved in liquid 
steel in subsequent steps, i.e. just after lad<ile metallur- 
gical treatment and before casting* 

2.9 Conclusions 

(1) Based on industrial data, a regression 
equation was established between oxygen activity measured 
at turndown and bath composition and temperature as 
a (ppm) = + 1- % -- + 0.3885 TeiTp°C + 134.09. 

The correlation coefficient for this equation is very poor 
( ,3) suggesting that bath is far from equilibrium at 

turndown. 
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(2) A comparison of oxygen activities measured 
with oxygen probes and thermodynamically calculated oxygen 
activities after deoxidation in the laddie again show 
that the bath did not attain equilibrium. Measured values 
were higher than corresponding predicted values in 
equilibrium with aluminium content of bath. The opposite 
was true for complex silicon -manganese deoxidation 
calculations based on silicon and manganese content 

of bath. There is no need to do Al-Si-Mn deoxidation calcu- 
lations as this would predict oxygen activity values lower 
than that simple aluminium deoxidation. 

(3) Oxygen sensor may be used only as an approxi- 
mate tool in controlling deoxidation practice unless a 
longer time is allowed for equilibration viz. in the lad#le 
metallurgical treatments where argon purging is used to 
homogenise the bath and allow rtKjre time for deoxidation 
products to float up. 
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SUGGESTIONS I OR FURTHER WORK 


EJ<perirtients of Banya and Matoba may be done 
for high carbon alloys to find out the dependence 
of interaction parameter carbon content. 

In the above experiments oxygen probes may be 
used for direct determination of oxygen activity 
rather than employing an analytical method to 
determine oxygen dissolved in steel. 
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APPENOIX-V 


f'i/lp = lejH.O DEG KEL 


rArr^riiv s o.of 

' ■ >! .'.'iA’-r.-Dt OXYGEA 4= (),475E-v)3 

Tr/-*M s i 85 3.0 deg KEE 

r‘i*^unri » a.uo 

tuA'". nxVGEii %5 0,2i5E-02 

TE’^P s 182 3,0 DEG KEL 
rAOHCiN = o.at) 

i=! 0,?yOE*02 OXYGEN 0.1b2E-02 
TE1P s i8y3,0 OEG KEL 
GA^BOM » L.OO 


AL!IJ %s 0,300e«^|l O'A'fGWM %* 0,8I6E-U3 





mnp 9 I8b3,0 DEG KEL > 

CMmti « 0.00 

«*tW' ' ''“OXYGEN %= 0.476E-03 

;#|lfpj»,'t913.0 DEG KEL 
0.00 

'S&iW' %» '' 0 i 4 fM» 02 , . 0 'XY 6 E«l-%* 0 . 343 E -02 

' fgPP « 1938 , 0 : 

CABttON » 

ALOJ't %S n,44DE*'01 OXYGEll' %»• 0.i29E-02; 
TEMP a 1833.0 OEG 'ICgL"".^,;;,. 
CABBOM #« 0.00 ■..',.■''-■.'.,■''■■ 5 ,:''" 

p. ut‘ ; : , ?ooe>y2 'oxygen'. %• ,' o . - nog-oa. 

TE'lp = IB 48,0 DEG KEt> 

CXBaotii' P' 0.00 ' ^ '■ 
; S.!? ,.- U.50*»e-02 OXYGEK %« 0,i21£-02 



OXYGEN %= 0.393^-03 


s l«w3.r ner, kk.t. 

r’.>t>,,n.j — i» , u t' 

.• * OXYGEN %s 0,881E-03 

KEL 

O^^O;, 5 v,ao 

OXYGEN %s,0.121E-02 
"’■'CM? s 188 3,P OeG KEtj 


T'^RBON K 0,00 

V.-- P,Ul'i>Ol OXYGEN %= 0.116E-02 
TEMh s 1H/ 3,0 -DECKEL ■' ' 
C4«00N = 0.00 

%» 0.2»0E~al OXYGEN %= 0.659E-a3 
TgMO = J 893.0 DEG KEI. 


CARaOW a 0,00 

ALUM %» y.200E-01 nxYGEM %a O.iOtE-02 
. , , TCHP a 1923.0 DEG KtL 

.CARBON a 0.00 

OXYGEN %» 0,2‘>2E-02 
"|/«^187 3,0 OEO KEL f 
ci'WitJM 0.00..,^,. 

ALim %* 0,500K-01 ' , 0X1fpei4.„%® 0lS43E-03 


IWUliJ® 



